Introduction
Caloric effects refer to the entropy changes when applied external fields, such as stress, electric or magnetic fields, change. In most cases, the entropy changes originate from the first-order phase transition. Recently, owing to the strong demand for efficient and environmentally friendly refrigeration technologies, materials with giant caloric effects, including magnetocaloric [1] [2] [3] , electrocaloric [4, 5] , barocaloric [6] [7] [8] and elastocaloric [9] [10] [11] [12] , have been widely investigated.
Elastocaloric cooling, also known as thermoelastic cooling, has been recognized as a promising alternative to the state-of-the-art vapour compression cooling system, owing to the high temperature change [13] within a large temperature span [14] and excellent coefficients of performance (COPs). Elastocaloric cooling is based on the latent heat associated with the austenite-martensite phase transformation in shape memory alloys (SMAs). The exothermic austenite-martensite transformation would cause a temperature increase when the stress is beyond the critical transformation stress. Upon unloading, the reverse martensite-austenite phase transformation will occur, resulting in temperature decrease. A highest temperature change of 17 K was observed in NiTi wires under tension [13] . Experimental measurements of temperature changes in other SMAs, including Ni-Fe-Ga [15] Cu-Al-Zn SMAs, inexpensive and abundant, were reported to have large entropy change [20] ( S) and potentially large adiabatic change of temperature ( T ad ) during phase transformation. A T ad of 14 K under tension test was estimated from its latent heat and specific heat [9] , and a significant T ad ∼ 6 K was measured by Mañosa et al. under tensile tests [14] . In addition, CuAl-Zn has been demonstrated to have a superior COP to Ni-Ti as a result of its significantly low hysteresis. Pseudoelastic Cu-Al-Mn SMAs have been used as damping materials, pipe couplings and mechanical fasteners in the past [21, 22] , owing to their excellent reversible strain of 5% and low critical transformation stress. By adjusting the alloy composition and heat treatment conditions, the transition temperature of Cu-Al-Mn SMAs could be tuned from 93 K to approximately 500 K [23] . At low Al contents, the Cu-Al-Mn SMAs have good ductility and could be cold worked [24] . Therefore, Cu-Al-Zn and Cu-Al-Mn SMAs are promising as elastocaloric materials.
In our previous work [25] , an elastocaloric cooling system using Ni-Ti as the refrigerant was designed under compression mode. Because of the relatively high cost of Ni-Ti SMAs, we are exploring Cu-based SMAs as substitutes. Cu-based SMAs are known to display a robust shape memory effect and low critical transformation stress. To apply Cu-based SMAs in the system in the future, it is necessary to investigate their elastocaloric performance under compression.
Experimental procedure
A polycrystalline Cu-Al-Zn alloy was prepared by melting high-purity (more than 99.97%) Cu, Al and Zn elements in an induction furnace with an Ar atmosphere. The as-melted ingot was homogenized at 900 • C for 1 h, followed by water quenching. It was then boiled in water for 30 min and cooled down in ambient atmosphere. Following this step, the sample was annealed at 500 for 1 h, followed by water quenching, to obtain the high-temperature β phase. The composition was determined by wavelength-dispersive X-ray spectroscopy (WDS), which was 68 at.% Cu, 16 at.% Al and 16 at.% Zn.
The Cu-Al -Mn alloys with compositions of Cu 72 Al 17 Mn 11 and Cu 82 Al 14 Mn 4 were prepared by arc melting. Homogenization at 1000 • C for 30 min followed by water quenching was done for each ingot. To obtain the best thermodynamic property, heat treatment at temperatures of 400 • C, 500 • C, 600 • C, 700 • C, 800 • C and 900 • C for different periods of 10 min, 30 min and 60 min followed by water quenching were conducted separately. One sample out of this series (Cu 72 Al 17 Mn 11 ) displayed a latent heat of 4.8 J g −1 . We also obtained a single-crystal sample of Cu-Al-Mn, which displayed very small critical stress, and we decided to measure various properties of this sample. The sample has a dimension of 152 mm in length and 14.5 mm in diameter. The sample was firstly induction-heated to form polycrystalline Cu-Al-Mn alloy; then abnormal grain growth (AGG) was achieved to form a single crystal (β phase) by cyclic heat treatment without macroscopic deformation. AGG of the β phase was realized by a process of slow cooling from 900 • C to 500 • C and subsequent heating to 800 • C followed by water quenching. The composition was 72.8 at.% Cu, 15.1 at.% Al and 12.1 at.% Mn, measured by WDS.
The sample for differential scanning calorimetry (DSC) analysis was sliced to be 0.2 mm in thickness. The slice was cut into pieces and sealed in aluminium pans. The DSC was conducted in a DSC Q100 system (TA Instruments) at a heating and cooling rate of 10 K min −1 in an Ar atmosphere. The sample for compression test was machined to 18 mm in length, with a diameter of 8 mm. The test was conducted with an MTS 810 hydraulic universal testing machine. To measure the in situ temperature during compression, two T-type thermocouples were welded to positions one-third and two-thirds the length of the body of the sample. Then, the sample was wrapped by foam insulation 5 mm in thickness to reduce heat loss in the radial direction. Nevertheless, the top and bottom surfaces of the sample can still conduct heat to the loading cell of the MTS system. The CuAlMn sample was loaded at a strain rate of 0.0004 s −1 to specific strain, then thermalized for 15 s at constant strain, and unloaded at a strain rate of 0.1 s −1 to approach adiabatic conditions. For the CuAlZn sample, both loading and unloading at the strain rate of 0.1 s −1 was conducted.
Results and discussions
The DSC results are shown in table 1. For the CuAlZn sample, the latent heat (L) was estimated to be 4.3 J g −1 , and the martensite start temperature (M s ), the martensite finish temperature (M f ), the austenite start temperature (A s ) and the austenite finish temperature (A f ) are −54 • C, −75 • C, −52 • C and −39 • C, respectively. Assuming that the austenite-martensite transformation is under fully adiabatic conditions, the temperature lift could be estimated from the entropy change T ad = T s · c −1 p , where s is the entropy change (latent heat) during austenitemartensite transformation and c p is the specific heat [26] , 0.43 J g −1 K −1 . The estimated highest temperature lift will be T ad = 10 K. The characteristic temperatures for the CuAlMn alloy were
Taking the specific heat as 0.43 J g −1 K −1 [27] , the T ad is calculated to be 11.6 K.
The compression tests in this study were conducted at room temperature (21 • C), where both the CuAlZn and CuAlMn samples are in the fully austenite state (T > A f ). In figure 1 , the stress-strain curves for the CuAlZn alloy (strain ranges from 1% to 3.5%) are shown. At low strains (approx. 1.5%), the stress increases linearly with the strain, corresponding to the elastic response of the austenite phase. Upon unloading, the strain was completely recovered with a small hysteresis, which matches well with the compressive behaviour of elastic metals. Starting from 2% strain, superelastic behaviour characteristic of SMAs was observed, indicated by the slope changes along the loading curves when a critical transformation stress was reached. In the stress-strain curve with the highest strain reaching 3.5%, when the critical transformation stress is around 430 MPa, the stress stays almost constant with strain increasing from 2.7% to 
3.5%
. This corresponds to the stress-induced transformation from austenite to martensitic phase. Unfortunately, the recovery strain upon unloading gets worse with increasing strains, decreasing from 100% at 1% strain to 71.4% at 3.5% strain. In SMAs, a better recovery could be achieved by training of the stress-induced phase transformation. However, owing to the brittleness of Cu-based SMAs, failure occurs during the training process. Some future work to improve the brittleness of Cu-based SMAs is necessary to enhance the fatigue life and recovery performance during the stress-induced phase transformation. Compared to the CuAlZn alloy, the CuAlMn alloy starts an austenite-martensite transformation from 2% strain, with a much lower critical transformation stress of 73 MPa (figure 2). With the strain increase to 2.5%, the stress stays almost constant. But starting from 3% strain, the increase of stress with strain indicates the completion of the phase transformation. With further increase of strain to 4%, the characteristic elastic behaviour of the martensitic phase in CuAlMn alloy was observed.
In figure 3 , the maximum stress (stress max ) and hysteresis at each strain for NiTi, CuAlZn and CuAlMn were compared. A detailed description of compressive performance for an NiTi alloy can be found in [25] . As can be seen in figure 3a , the highest compressive stress max of 870 MPa at 4% strain was observed in NiTi alloy, while stress max was 450 MPa (nearly half that of NiTi) for CuAlZn, and 130 MPa (one-seventh that of NiTi) for CuAlMn. In figure 3b , the largest hysteresis of 0.78 J g −1 at 3.5% strain was observed in CuAlZn alloy. Interestingly, the NiTi alloy has a lower hysteresis of 0.51 J g −1 , which is due to the excellent recovery upon release of the loading. A minimum hysteresis of 0.20 J g −1 was found in the CuAlMn alloy. In the elastocaloric cooling system, both lower stress max and smaller hysteresis are preferred to approach a minimum input energy and highest COP. Therefore, from the mechanical performance aspect, CuAlMn alloy is better than NiTi and CuAlZn alloys. In addition, both the stress max and maximum strain are greatly influenced by A f . When A f gets closer to the testing temperature, decrease of stress max would be achieved. Thus, future work on the heat treatment of SMAs is expected to decrease the working stress, and mechanical hysteresis accordingly. Figure 4 illustrates the in situ temperature variation during the loading and unloading processes. The fast loading rate of 0.1 s −1 was to approach the adiabatic condition by minimizing heat loss. The temperature changes for the CuAlZn sample with adiabatic loading and unloading (3.5% strain) is presented in figure 4a . The temperature spike was 5.1 K during the loading process, whereas the temperature drop was 4 K upon unloading. The difference between the loading and unloading T ad values is mainly a result of the phase transformation hysteresis, which is fully taken into consideration for the material performance estimation later. The noise in the temperature measurement was due to the high sampling frequency, which was still less than the uncertainty of the T-type thermocouples. Figure 4b shows the isothermal loading with adiabatic unloading for the CuAlMn sample under 3.5% strain. Even with the slow loading rate (0.0004 s −1 ), there was still a 1 K temperature increase during the loading process. Nevertheless, this 1 K variation is small enough to be considered as an isothermal condition. It should be noted that a better control of temperature variation by slower loading rate may result in less hysteresis, and therefore the potential material performance discussed later may be even better. 3.5%, the temperature drop increases almost linearly to 4 K for CuAlZn, due to the endothermic phase transformation. The maximum T ad were obtained as 4 K for CuAlZn under 3.5% strain and 3.9 K for CuAlMn under 4.0% strain. Compared with the DSC latent heat, which are 4.3 J g −1 and 5.0 J g −1 , respectively, the theoretical T ad for both materials should be 10.0 K and 11.6 K, respectively. Such a deviation was the result of a few factors. Though heavily insulated in the radial direction, axial heat loss was inevitable due to metal-to-metal conduction from the sample to the steel clamps in the MTS universal testing machine. In addition, the phase transformation was not complete under 3.5% strain or 4.0% strain, but unfortunately no further strains are accessible since the samples could not survive the large deformation under compression mode.
Materials evaluation
The CuAlZn sample performance could be evaluated based on a few indices developed from the previous studies [28, 29] . The T ad and the latent heat of martensitic transformation are related by L = c p · T ad . Given an air conditioner as the context, in a real cooling system, the heat rejection temperature (outdoor unit) is higher than the cooling temperature (indoor unit), where the difference is called the system temperature lift ( T lift = T rejection − T cooling ). As a result, the SMA needs to cool down itself from T rejection to T cooling before providing any useful cooling. Therefore, not 100% of the cooling generated from the martensitic transformation can be harvested, since part of the cooling is used to compensate temperature variation of the SMA itself within each cooling cycle. The first metric, the non-dimensional latent heat (γ = T ad · T −1 lift ), quantifies the ratio of the useful latent heat of the CuAlZn sample [27] . As shown in figure 5 , the T ad of the Cu-Al-Zn sample was measured to be 4 K. As discussed earlier, the direct measure of T ad underestimated the latent heat due to residual heat loss to the metal loading cells, and incomplete phase transformation under 3.5% strain. A second way to estimate T ad is to use the DSC result. By implementing T ad = L · c −1 p it yields 10.0 K, where L is 4.3 J g −1 and c p is 0.43 J g −1 K −1 . When using the 10 K T lift , the non-dimensional latent heat γ is found to range from 0.40 to 1.00. Similarly for CuAlMn, the measured T ad is 3.9 K in figure 5 . When using the latent heat from DSC results, T ad can be estimated to be 11.6 K, corresponding to γ ranging from 0.39 to 1.16. The value for the state-of-the-art nickel-titanium binary alloy under compression is around 2, and CuZnAl under tensile mode with other compositions can be as high as 1.5 [29] .
The second metric is the material-level coefficient of performance (COP mat ), defined as the ratio between the useful cooling and the net work required to drive the cycle, assuming the entire unloading energy (area under the unloading curve in figure 1 ) can be recovered [29] . The COP mat was derived to be a function of the system operating temperatures, entropy change during the martensitic transformation s, and a material constant A representing the phase change hysteresis, presented as
In the above equation, if the hysteresis constant A is zero, the COP mat becomes identical to the Carnot cycle COP, which is the theoretical limit of any cooling system based on the second law of thermodynamics. The material hysteresis constant A can be estimated using equation (4.2), if it is adiabatically loaded or unloaded [30] , where ρ is the density of the alloy:
The area enclosed by the stress-strain hysteresis loop (at 3.5% strain) in figure 2 is 0.71 J g −1 .
Following equation (4.2), using T ad = 4.0 K and s = 0.007 J g −1 K −1 based on measured data, the material hysteresis constant A = 0.36 J g −1 , when the system temperature lift T lift = 10 K, T cooling = 288 K, the COP mat for the tested Cu 68 Al 16 Zn 16 sample can be estimated to be 2.0. Similarly, the COP mat based on the measured data for CuAlMn is 6.0, since CuAlMn has a much smaller hysteresis, as shown in figure 3 . As mentioned earlier, owing to unavoidable heat loss from the sample to the loading device and partial phase transformation, the real measured T ad values for both samples are less than those estimated based on the DSC results. Therefore, projections based on theoretical latent heat from DSC are also implemented into equation (4.2) to calculate the theoretical COP mat . The material hysteresis constants remain the same. It yields the COP mat of 6.4 and 12.3 for CuAlZn and CuAlMn samples, respectively. COP mat for NiTi alloy under compression ranges from 15 to 18 [28] . In terms of CuAlZn alloy with other compositions, the COP mat is around 11 under tensile driving mode based on the reported latent heat and stress-strain loop hysteresis. Figure 6 summarizes the aforementioned results on the COP-T ad chart. Note that another metric on the bottom was based on normalizing the COP mat to the Carnot COP under identical operating conditions, i.e. T lift and T cooling . Each ellipse represents the performance of a material when considering the uncertainties in any property measurement, i.e. ±1 K equivalent T ad uncertainty and ±10% uncertainty in hysteresis calculation. As indicated by equation (4.2) (or s, L) and hysteresis constant A. Being the vertical axis by itself, T ad not only determines the vertical heights for each material, but also contributes to the horizontal positions. The dashed line connecting the origin point and the NiTi ellipse divides the chart domain into two parts: any material located to the right (left) of the line has less (more) hysteresis than NiTi. The measured COP mat for both samples (represented by CuAlMn and CuAlZn in figure 6 ) are located far away from NiTi in the plot; while assuming the hysteresis to be constant and using the latent heat instead of the measured T ad , the COP mat of CuAlMn (represented by CuAlMn th , as T ad is 'theoretical' and not directly measured) is already competitive with that of NiTi. The COP mat of CuAlMn with latent heat based on DSC results correspond to 0.4-0.48 of Carnot COP. Future research to enhance the latent heat of both CuAlZn and CuAlMn is crucial to improve their performance. Methods to strengthen both materials are also essential to access a larger strain in the future so that a fully stress-induced phase transformation can be reached.
Conclusion
In this study, the elastocaloric effect of two bulk samples, Cu 68 Al 16 Zn 16 and Cu 73 Al 15 Mn 12 , were investigated under compression tests at room temperature. The latent heat measured by DSC was 4.3 J g −1 for CuAlZn and 5.0 J g −1 for CuAlMn. The maximum adiabatic change of temperature during unloading was observed to be 4.0 K under 3.5% strain for CuAlZn, and 3.9 K under 4.0% strain for CuAlMn. For a cooling system application with 10 K system temperature lift, the COP mat of CuAlMn is 13.3, corresponding to 0.46 of Carnot cycle COP. In general, CuAlMn is more promising than CuAlZn. CuAlMn has a 70% less transformation stress, which is more applicable in future elastocaloric cooling systems. The ultra-low hysteresis of CuAlMn not only distinguishes its COP mat from CuAlZn, but also approaches the COP mat of NiTi. Nevertheless, its low T ad is still a limitation for real-world application. In addition, cracks found after compression for CuAlZn suggested that it may not be a good SMA to be used under compression mode. Unfortunately, there are still significant gaps between the latent heat and T ad , indicating significant room for improvement in the future. In addition, when compared with the prior-art NiTi alloy, the latent heat of the studied two Cu-based SMAs is less than 50% of the latent heat of NiTi. Finding or synthesizing more SMAs for a larger latent heat is still needed to be competitive with NiTi and to be applicable in a real cooling system.
